Interferon (IFN)-a is a cytokine of the innate immune response that is well known for inducing behavioral alterations and has been used to study effects of cytokines on the nervous system. Limited data, however, are available on the sites of action of IFN-a within the brain and their relationship with specific IFN-a-induced symptoms. Using a longitudinal design, whole-brain metabolic activity as assessed by fluorine-18-labeled fluorodeoxyglucose uptake and positron emission tomography was examined before and 4 weeks after IFN-a administration in patients with malignant melanoma. Changes in metabolic activity in relevant brain regions were then correlated with IFN-a-induced behavioral changes. IFN-a administration was associated with widespread bilateral increases in glucose metabolism in subcortical regions including the basal ganglia and cerebellum. Decreases in dorsal prefrontal cortex glucose metabolism were also observed. Prominent IFN-a-induced behavioral changes included lassitude, inability to feel, and fatigue. Correlational analyses revealed that self-reported fatigue (specifically as assessed by the 'energy' subscale of the Visual Analog Scale of Fatigue) was associated with increased glucose metabolism in the left nucleus accumbens and putamen. These data indicate that IFN-a as well as other cytokines of the innate immune response may target basal ganglia nuclei, thereby contributing to fatigue-related symptoms in medically ill patients.
INTRODUCTION
Recent data suggest that behavioral changes in medically ill patients with chronically activated innate immunity arise in part through effects of peripheral inflammatory processes on the brain (Dantzer, 2001; Lee et al, 2004; Raison et al, 2006) . Indeed, tissue damage and destruction (as occurs in a variety of medical disorders and their treatment) activate innate/inflammatory immune responses and lead to the release of cytokines, including interferon (IFN)-a, interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a. All of these cytokines can access the brain and have profound effects on neurotransmitter metabolism, neuroendocrine function, synaptic plasticity, and behavior (Konsman et al, 2002; Raison et al, 2006) . To further elucidate nervous system pathways that may be implicated in cytokineinduced effects on the brain in humans, specifically the anatomical loci involved, our group and others have studied patients undergoing treatment with IFN-a (Capuron and Miller, 2004) .
IFN-a is currently used for the treatment of certain viral illnesses and cancers, including chronic hepatitis C and malignant melanoma. Although a successful antiviral and antineoplastic strategy, IFN-a causes a host of neuropsychiatric symptoms, including depression, cognitive dysfunction, and fatigue in a large proportion of patients (Capuron et al, 2002a; Capuron and Miller, 2004; Musselman et al, 2001; Pavol et al, 1995) . Thus, IFN-a provides a unique opportunity to study the effects of cytokines on the brain. Previous studies have found that neuropsychiatric symptoms that develop during IFN-a therapy for malignant melanoma appear to represent at least two distinct behavioral syndromes with distinct phenomenology and responsiveness to antidepressants: a mood/cognitive syndrome, including depressed mood, anxiety, and attentional and memory alterations, and a neurovegetative syndrome, including fatigue (the most common IFN-a-induced symptom), anorexia, psychomotor slowing, and sleep disturbances (Capuron et al, 2002a; Maddock et al, 2005) . The neurovegetative syndrome typically occurs within the first 4 weeks of therapy, persists into later stages of treatment, and has been minimally responsive to the antidepressant paroxetine (Capuron et al, 2002a; Maddock et al, 2005) . In contrast, the mood/cognitive syndrome, which develops in a smaller proportion of patients and occurs at later stages of IFN-a treatment, has been shown to be highly responsive to paroxetine administration (Capuron et al, 2002a; Capuron and Miller, 2004; Musselman et al, 2001 ). These data suggest that different pathophysiological mechanisms mediate neurovegetative vs mood/cognitive effects of IFN-a.
Studies by our group and others have indicated that hyperactivity of stress-responsive neuroendocrine pathways and disturbances in serotonin metabolism may participate in the development of the mood/cognitive syndrome during IFN-a therapy (Bonaccorso et al, 2002; Capuron and Miller, 2004; Capuron et al, 2002b Capuron et al, , 2003a . In addition, using functional magnetic resonance imaging, we recently reported that IFN-a-induced alterations in information processing as reflected by increased activation in the dorsal anterior cingulate cortex during a task of visuo-spatial attention may also contribute to mood and anxiety symptoms . Finally, previous work demonstrated a relationship between decreased prefrontal cortex glucose metabolism and depression scores in patients receiving 12 weeks of IFN-a for treatment of hepatitis C (Juengling et al, 2000) . Little is known, however, about the neurobiological mechanisms and anatomical loci underlying IFN-a-induced neurovegetative symptoms, including fatigue.
Recent data suggest that IFN-a's effects on the development of fatigue and other neurovegetative symptoms may be related to alterations in the activity of subcortical brain regions, notably the basal ganglia, and dopaminergic transmission (Capuron and Miller, 2004) . Indeed, Parkinson-like symptoms observed in patients receiving IFN-a for chronic hepatitis C (Horikawa et al, 1999) were reversed by intravenous administration of levodopa (Sunami et al, 2000) . In addition, a positron emission tomography (PET) study with fluorine-18-labeled fluorodeoxyglucose (18F-FDG) in patients with chronic hepatitis C revealed that treatment with IFN-a was associated with glucose hypermetabolism in the putamen, a basal ganglia structure (Juengling et al, 2000) , although the relationship of these changes with specific behavioral symptoms was not examined. Finally, experimental data in mice have shown that chronic treatment with IFN-a is associated with depletion of central nervous system dopamine concentrations in whole brain homogenates (Shuto et al, 1997) .
To further evaluate the specific sites of action of IFN-a in the brain and examine the relationship between changes in regional brain activity and specific symptoms associated with IFN-a therapy, especially fatigue, we conducted a PET study assessing resting state cerebral glucose metabolism in patients with malignant melanoma devoid of metastatic disease and pre-existing behavioral alterations. PET scanning was performed at baseline (before IFN-a treatment) and again after 4 weeks of IFN-a therapy. Four weeks was chosen because it is a time point at which neurovegetative symptoms including fatigue are more prominent relative to other (eg mood/cognitive) symptoms. Neuropsychiatric symptoms were quantified using the Montgomery Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979) and the Visual Analogue Scale of Fatigue (VAS-F) (Lee et al, 1991) .
METHODS AND MATERIALS

Subjects
Using a longitudinal design, two PET scans (before and after 4 weeks of IFN-a therapy) were performed in a total of 12 right-handed patients [nine men, three women, mean age 49 (SD 9) years] diagnosed with stage II-IV malignant melanoma with a 50% or greater risk of recurrence. All patients had been surgically rendered clinically free of disease and were eligible to receive high-dose IFN-a therapy. Patients were recruited from the Winship Cancer Institute at Emory University. Medical exclusion criteria included diabetes; unstable cardiovascular, endocrine, hematological, hepatic, or renal disease; brain damage and/or neoplastic involvement; neurological disease; and severe or uncontrolled visual disturbances. Patients with a diagnosis of schizophrenia, bipolar disorder, or current major depression as determined by Structured Clinical Interview for DSM-IV Axis I disorders (Association, 1994); a Mini Mental State Exam p24 (Folstein et al, 1983) ; or active treatment with antipsychotics, antidepressants, or benzodiazepines were also excluded. All patients were offered antidepressant treatment to prevent depression during IFN-a administration, and all declined. IFN-a2b (IntronA, Schering-Plough) was administered intravenously at a dose of 20 million units per square meter of bodysurface area 5 days/week for 4 weeks. Concomitant medications for fever and nausea due to IFN-a administration were allowed during the study, but psychotropic medications, including antipsychotics, antidepressants, and benzodiazepines, were not.
All patients were adults and provided written informed consent before enrollment. The study was approved by the Institutional Review Board of the Emory University School of Medicine.
Behavioral Assessments
Behavioral assessments were performed at baseline (before the initiation of IFN-a therapy) and after 4 weeks of IFN-a treatment. Assessments included the observer-rated MADRS (Montgomery and Asberg, 1979) , a 10-item scale assessing the severity of depressive symptoms, including sadness, inner tension, concentration difficulties, inability to feel (defined as reduced interest in surroundings and usually pleasurable activities and/or reduced emotional responsivity), pessimistic thoughts, suicidal thoughts, reduced sleep, reduced appetite, and lassitude (defined as difficulty getting started or slowness initiating and performing everyday activities). Based on previous work indicating that fatigue is the most prominent IFN-a-induced symptom (Capuron et al, 2002a) , subjects were also administered the self-report VAS-F, an 18-item 100-mm visual analogue scale, which assesses fatigue using two series of inverse items: a 'fatigue' series (13 items including 'tired', 'sleepy', 'drowsy', 'fatigued', 'worn out', 'bushed', 'exhausted', difficulty 'keeping eyes open', difficulty 'moving my body', difficulty 'concentrating', difficulty 'carrying on a conversation', 'desire to close my eyes', 'desire to lie down') and an 'energy' series (five items including 'energetic', 'active', 'vigorous', 'efficient', 'lively'), which together represent 'fatigue' and 'energy' subscales (Lee et al, 1991) . The VAS-F has been shown to possess good overall psychometric properties (Lee et al, 1991; Meek et al, 2000; Miaskowski and Lee, 1999) , although in a comparison of multiple fatigue instruments and their subscales (see below), the energy subscale of the VAS-F was found to exhibit the highest reliability in measuring fatigue-related symptoms in cancer patients (Meek et al, 2000) .
Changes in behavioral scores between baseline and week 4 of IFN-a therapy were assessed using paired t-tests with Bonferroni correction for multiple comparisons.
Acquisition of PET Data
Patients underwent two PET scans, one before the initiation of IFN-a therapy (baseline assessment) and one at the end of the fourth week of IFN-a therapy. All patients were asked to fast for at least 4 h before each scan.
PET measures of regional cerebral glucose metabolism (rCMRGlc) were acquired in the rest condition (patients were asked to lie quietly with eyes closed) following the intravenous injection of 9-10 mCi of fluorine-18-labeled fluorodeoxyglucose ([18]FDG) via a catheter inserted in an arm vein.
Forty-five minutes after tracer injection, brain images were acquired as a single 25-min frame study in twodimensional acquisition mode using an ECAT 951 tomograph (Siemens, Knoxville, TN), with a voxel size of 2.574 Â 2.574 Â 3.375 mm.
PET Data Analysis
For each patient, the PET image obtained at 4 weeks of IFNa therapy was spatially registered to the image acquired at baseline. Images were then spatially transformed to a FDG brain template conforming to the Montreal Neurological Institute (MNI) reference brain, resampled at a 2 Â 2 Â 2 mm voxel size, and subsequently smoothed with an isotropic Gaussian kernel of 12 mm FWHM. An MNI probabilistic map of brain tissue (included in the SPM2 software distribution, Wellcome Department of Cognitive Neurology, University College, London, UK) was thresholded at p ¼ 0.4 to generate a mask excluding voxels outside the brain. The smoothed FDG images were then multiplied by the latter mask and intensity-normalized to an average reference value of 100 across in-brain voxels, in order to correct for global difference intensity across images.
Whole-Brain Analysis
A whole-brain analysis, using a voxel-wise paired t-test, was performed to assess relative changes in rCMRGlc across the brain between baseline and 4 weeks of IFN-a therapy. Analysis was performed with the software package AFNI (Cox, 1996) . The specified experiment-wise (ie corrected for multiple comparisons) alpha level o0.05 was reached by the combination of the single-voxel threshold of p ¼ 0.0001 and a cluster size threshold of 78 voxels, as determined by a Monte Carlo simulation performed with the AFNI routine AlphaSim (Forman et al, 1995) .
Regions of Interest Analysis
Because of previous data implicating subcortical structures in IFN-a-induced behavioral symptoms, notably the basal ganglia, the change in rCMRGlc evidenced by whole-brain analysis was further investigated by partitioning the wholebrain activation clusters according to their location within specific basal ganglia nuclei: left and right putamen, left and right globus pallidus, and left and right nucleus accumbens (no activation cluster was present in the region of the caudate nucleus). These regions of interest were anatomically defined according to the digital version of the Talairach atlas included in the software package AFNI (Cox, 1996) .
Analysis of PET and Behavioral Data
Correlational analyses were performed to characterize the relationship between the change in glucose metabolism in neuroanatomical locations significantly altered during IFN-a therapy (according to the whole-brain analysis) and the behavioral symptoms that were significantly changed during IFN-a treatment. To protect against Type I errors, only statistically significant (po0.05, two-sided) correlation coefficients reflecting a large effect size (rX0.50) were considered meaningful (Cohen, 1988) . Where indicated, age and sex were entered into the analyses as covariates.
RESULTS
Changes in Brain Glucose Metabolism during IFN-a Therapy: Whole-Brain Analysis
Significant and widespread increases in resting state rCMRGlc were measured after 4 weeks of IFN-a therapy in one extended subcortical cluster, which included the bilateral putamen, globus pallidus, nucleus accumbens, pulvinar, and the left amygdala ( Figure 1 and Table 1 ). Distinct increases in rCMRGlc were also noted in the right putamen and in a large portion of the cerebellum. Small regions of decreased rCMGLc were observed in the left and right dorsal prefrontal cortex.
Symptom Development during IFN-a Therapy
IFN-a therapy for 4 weeks was associated with significant changes in scores on the MADRS and VAS-F (Table 2 ). Whereas total scores on the MADRS and VAS-F subscale of fatigue significantly increased, VAS-F energy subscale scores significantly decreased. Consistent with data on the VAS-F, MADRS items exhibiting statistically significant change during IFN-a treatment included inability to feel and lassitude, both of which are associated with the symptom dimensions of fatigue/decreased energy. Given the overlap of the constructs of fatigue as measured by the VAS-F with the single items of inability to feel and lassitude on the MADRS, we chose the more nuanced VAS-F subscales for subsequent correlations with brain metabolism.
Changes in Brain Metabolic Activity during IFN-a Therapy: Relationship of Behavioral Changes with Specific Anatomical Locations
As shown in Table 3 and Figure 1 , increased activity in basal ganglia nuclei at 4 weeks of IFN-a therapy (relative to baseline) correlated with VAS-F energy subscale scores. More specifically, VAS-F energy subscale scores during IFN-a therapy were negatively correlated with glucose metabolic activity in the left putamen and left nucleus accumbens (R ¼ À0.622, p ¼ 0.03 and R ¼ À0.669, p ¼ 0.02, respectively) (Figure 1) . Entry of age and sex as covariates in these analyses did not appreciably change the significance of the results for either the putamen (p ¼ 0.04) or the accumbens (p ¼ 0.03). VAS-F subscale scores of fatigue did not correlate with any specific basal ganglia region identified in the study. Moreover, no significant correlations were observed between VAS-F subscale scores and any other brain region that was significantly altered by IFN-a administration (all p40.05 and ro0.50) ( Table 3) . Correlational analyses also failed to reveal significant correlations between brain regions with IFN-a-induced alterations in metabolic activity and total MADRS scores (data not shown).
DISCUSSION
The present findings indicate that a 4-week course of IFN-a administration is associated with marked and extensive increases in glucose metabolism in subcortical brain regions, notably the basal ganglia, as well as the cerebellum. Smaller areas of decreased regional glucose metabolism were noted in the dorsal prefrontal cortex. In addition, IFNa administration was associated with significant increases in behavioral symptoms that included lassitude, inability to feel, and fatigue. Correlational analyses indicated that increased glucose metabolism in the basal ganglia, specifically the left putamen and nucleus accumbens, significantly correlated with the development of IFN-a-induced fatigue symptoms, specifically as assessed by the energy subscale of VAS-F. As previously mentioned, data from clinical and laboratory animal research have provided considerable evidence that IFN-a, as well as other cytokines, may alter the function of basal ganglia circuits (Horikawa et al, 1999; Kamata et al,
2000
; Kumai et al, 2000; Shuto et al, 1997; Sunami et al, 2000) . Our results are consistent with these observations and suggest that increased basal ganglia resting state glucose metabolism in IFN-a-treated patients may be indicative of altered dopaminergic activity, as is seen in patients with Parkinson's disease (PD). Increased glucose metabolism in the basal ganglia (as seen following IFN-a administration) has been repeatedly demonstrated in PD patients (Eidelberg et al, 1994; Mentis et al, 2002; Spetsieris et al, 1995) , where it is believed to reflect the degeneration of inhibitory neurocircuits related to the loss of dopaminergic neurons in the substantia nigra pars compacta Correlational analyses were performed between changes (delta) in regional cerebral glucose metabolism (rCMRGLc) in the selected brain regions and changes (delta) in 'fatigue' and 'energy' subscale scores on the VAS-F during IFNa therapy relative to baseline. Data are shown as Bravais-Pearson correlations and the corresponding p-value (in parentheses). *Clinically meaningful correlations based on a large effect size (rX ¼ 0.50) and po0.05. (Wichmann and DeLong, 2003) . Disinhibition of dopaminergic inhibitory neurocircuits in turn leads to increased oscillatory burst activity in relevant basal ganglia nuclei (and thus increased metabolic activity) (Wichmann and DeLong, 1999) . Relevant to the role of diminished dopamine availability in basal ganglia hyperactivity, levodopa infusion has been shown to reduce glucose metabolism in the basal ganglia, notably in the putamen, and is associated with clinical improvement in PD patients (Feigin et al, 2001) . Given the role of dopamine pathways in activating frontal cortex neurons (Alexander et al, 1986) , altered basal ganglia and dopamine function may also contribute to the reduced metabolic activity observed in the frontal cortex following IFN-a administration. Such decreases in frontal cortex activity also have been found in PD patients, especially in those with depression (Mayberg et al, 1990) . Additional support regarding IFN-a's effects on the basal ganglia and dopamine pathways is provided by the strong implication of basal ganglia function in pathological fatigue (Chaudhuri and Behan, 2000) . Fatigue represents a fundamental behavioral characteristic of diseases that affect the basal ganglia, including PD, multiple sclerosis, cortical stroke, and HIV/AIDS (Chaudhuri and Behan, 2000; Gray et al, 2001; Lou et al, 2001 ) Moreover, it has been suggested that reduced nucleus accumbens dopamine may contribute to symptoms of fatigue in patients with depression (Salamone et al, 2003 (Salamone et al, , 2005 . Treatment with levodopa or other pharmacologic agents that increase dopamine release (eg stimulants) has been shown to improve fatigue in patients with basal ganglia disorders as well as in IFN-atreated patients with malignant melanoma (Lou et al, 2003; Schwartz et al, 2002) . Taken together, these findings suggest that changes in basal ganglia activity during IFN-a therapy may be related to altered dopamine neurotransmission and in turn play a role in the pathophysiology of IFN-a-induced fatigue-related symptoms.
Patients with immune-based disorders, including cancer and viral infections, commonly report symptoms of fatigue. Recent data suggest that cytokines released during activation of innate immunity may participate in the development of fatigue-related symptoms in these medically ill patients (Bower et al, 2002; Cleeland et al, 2003; Lee et al, 2004; Meyers et al, 2005) . Our findings with IFN-a are consistent with these notions and extend the potential mechanisms to include cytokine effects on the basal ganglia. The basal ganglia have been particularly vulnerable to immune activation. Indeed, several infectious diseases, including HIV/AIDS, have been associated with basal ganglia alterations and fatigue (Berger and Arendt, 2000; von Giesen et al, 2005) . Interestingly, in these diseases both basal ganglia hypermetabolism and hypometabolism have been observed, possibly related to the duration of pathogen exposure and/or the chronicity of the disease. For example, in HIV/AIDS, data have suggested that early stages of neurologic involvement are characterized by basal ganglia hypermetabolism followed by basal ganglia hypometabolism, possibly reflective of neurodegeneration (von Giesen et al, 2000) . Such data suggest that, while 4 weeks of IFN-a administration was associated with basal ganglia hypermetabolism, more chronic exposure to this or other cytokines may lead to degeneration of basal ganglia neurons and basal ganglia hypometabolism. Studies examining more long-term consequences of IFN-a are needed to address these possibilities as well as the reversibility of the effects.
Further supporting the involvement of innate immune cytokines in basal ganglia pathology, diseases involving the basal ganglia, notably PD, have exhibited increased expression of proinflammatory cytokines in basal ganglia circuitry, and the development of PD in animal models using Nmethyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine is in part dependent on expression of the proinflammatory cytokine, TNF-a (Leng et al, 2005; Nagatsu and Sawada, 2005) . Of note, relevant receptors for proinflammatory cytokines are expressed in abundance in the basal ganglia (Gray et al, 2001; Haas and Schauenstein, 1997) , and chronic infusion of lipopolysaccharide, a potent inducer of the proinflammatory cytokine cascade, into the rat brain has been shown to induce a progressive and selective degeneration of nigral dopaminergic neurons through microglial activation (Gao et al, 2002) . More specifically related to IFN-a, IFN-a receptors have been identified throughout the brain especially in microglia (Yamada and Yamanaka, 1995) . IFN-a-induced activation of microglia may in turn lead to the release of proinflammatory cytokines, such as TNF-a, which, as noted above, may contribute to alterations in basal ganglia function through local inflammation and neuronal damage. In addition, previous studies have shown that IFN-a can bind to opioid receptors (Wang et al, 2006) , which are richly expressed in brain regions that exhibited increased metabolic activity in the current study, including the basal ganglia (Baumgartner et al, 2006) . Moreover, opioids have been shown to influence dopamine release in the ventral striatum through a calcium-dependent mechanism (McGinty, 1999) . Taken together, the data suggest that the basal ganglia may be a relevant and specific target for the effects of cytokines on the brain, inducing behavioral changes that include fatigue-related symptoms.
Another finding in the current study was the profound IFN-a-induced increase in glucose metabolic activity in the cerebellum. This finding has not been previously described and may relate to a specific targeting of the cerebellum by IFN-a or a preferential increase in cerebellar blood-brainbarrier (BBB) permeability as a function of chronic IFN-a exposure. In studies of transgenic mice with CNS hyperexpression of IFN-a, the brain regions exhibiting the most dramatic neuropathological changes were the cerebellum and basal ganglia (Campbell et al, 1999) . In addition, compared with the cerebral cortex, the cerebellum exhibited a significantly greater loss of BBB integrity as well as upregulation of relevant adhesion molecules during a nonpathogenic CNS viral infection, suggesting that regional differences in BBB permeability may occur in the context of exposure to certain viruses or antiviral cytokines, such as IFN-a (Phares et al, 2006) . Regarding the functional implications of IFN-a effects on the cerebellum, there is increasing evidence for a role of the human cerebellum in processing speed and accuracy for tasks that have already become automated (Ramnani, 2006) . These more cognitive aspects of cerebellar function appear to involve a closed cortico-pontine-cerebellar loop from Brodmann areas 9 and 46 in the prefrontal cortex, to the pons, to the ventral dentate nucleus in the cerebellum, and back to the prefrontal cortex via the thalamus. This circuit, especially aspects involving cerebellar and cortical (Brodmann areas 9 and 46) components, appears to be well represented in our data. An intriguing possibility is that a dysfunction of this loop (as may occur during IFN-a administration) could result in a mismatch between expected and actual consequences of actions, which would require constant (if subtle) corrective readjustments even for automated everyday tasks, a situation that could contribute to an increase in synaptic activity and the experience of fatigue (or lack of energy). Nevertheless, as indicated above, it is important to consider the equal or more likely possibility that the increased glucose metabolism in the cerebellum (as well as other relevant brain regions) may be directly related to inflammatory processes (manifested by increased glycolysis) (Bakheet and Powe, 1998) , a situation that could also cause an inflammation-induced increase in regional blood flow, probably best detected using H 2 15 O-PET imaging. This notion is especially relevant in view of the evidence of a specific vulnerability of the cerebellum to IFN-a administration as discussed above.
In contrast to the results of a previous study, we did not observe a relationship between IFN-a-induced changes in prefrontal cortex glucose metabolism and symptoms of depression, despite a similar number of subjects (Juengling et al, 2000) . This finding may relate to our study design, which, as noted previously, purposely sampled subjects after 4 weeks of IFN-a therapy, when neurovegetative symptoms including fatigue are prominent. Based on our previous data (Capuron et al, 2002a; Raison et al, 2005) , longer periods of IFN-a treatment are required to allow the full emergence of mood and cognitive symptoms, which may in turn be correlated with changes in metabolic activity in other brain regions including the prefrontal cortex. Moreover, in a study by Capuron et al, psychomotor slowingFa behavioral sign that often accompanies altered basal ganglia functionFwas predictive of subsequent depressive symptoms, suggesting that IFN-a-induced effects on the basal ganglia may precede changes in prefrontal cortical function and their effects on behavior (Capuron et al, 2001) .
Finally, at least two limitations in the study methodology should be considered. First, the study included a relatively small number of subjects, which possibly contributed to the inability to detect a significant relationship between basal ganglia activity and VAS-F fatigue subscale scores as well as other potential brain-behavior relationships during IFN-a administration. Nevertheless, as noted above, compared to the VAS-F energy subscale, the VAS-F fatigue subscale has been found to exhibit reduced stability and effect size compared with the energy subscale in a recent study focused on validating psychometric instruments for fatiguerelated symptoms in cancer patients (Meek et al, 2000) . Indeed, in this study, among all the instruments (and their subscales) examined, including the Profile of Mood States short-form fatigue subscale, Multidimensional Assessment of Fatigue, the Multidimensional Fatigue Inventory, and the VAS-F scale, the VAS-F energy subscale was one of only two subscales that met satisfactory levels of test-retest reliability in cancer patients. Nevertheless, future studies with a larger population of subjects assessed at several time points may be required to observe more subtle relationships between alterations in metabolic activity in specific brain regions and IFN-a-induced behavioral changes, which have been found to evolve over time. Second, there was no control group that underwent FDG-PET scanning and symptom assessments in parallel with the IFN-a-treated subjects. Nevertheless, measures of regional cerebral glucose metabolism during rest exhibit a reasonable degree of reproducibility (Bartlett et al, 1988; Maquet et al, 1990) , and thus the rCMRGlc differences observed during IFN-a treatment are unlikely to be secondary to a systematic test-retest effect. Despite the limitations, few studies have addressed the relationship between regional brain changes and cytokine administration in humans, and the study therefore serves as an important first step in addressing potential neural circuits as targets for further research and symptom management in these individuals. In addition, although the data reported herein derive from patients undergoing IFN-a treatment for malignant melanoma, the results of the study may extend to other populations of patients or individuals in whom chronic activation of innate immune cytokines and their signaling pathways may alter basal ganglia circuitry as well as dopamine neurotransmission to induce fatigue-related symptoms.
